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All of these measurements were done on material in condensed phases. There are also results from semiempirical and ab initio quantum mechanical calculations; the most recent of these includes the effect of electron correlation at the MP2 level and predicts the bond lengths at 1.445 A and 1.405 A (4). We carmed out the electron-diffraction study described here for two reasons. First, it seemed quite likely the results for the bond lengths would be more precise than any presently available, and second, these results for the gas-phase molecule would be free from the effects of intermolecular interaction that could conceivably play a role in condensed phase measurements.
Our sample of C60 was produced at IBM with an arc fullerene generator (5, 6) and removed from the soot utilizing toluene in a soxhlet extractor. The extract was purified by liquid chromatography (basic alumina) with a gradient elution system of hexane and chlorinated solvents, and characterized by NMR (7, 8) and mass spectroscopy; separation has also been obtained using a 95/5 hexane/toluene system (9).
The electron diffraction work was done at Oregon State University. In a usual type of diffraction experiment, a well-columnated, Table 1 . Interatomic distances and root-mean-square amplitudes of vibration in C60. The symbol rg denotes the thermal average distance, ra the distance consistent with the scattering equations, and I the root-mean-square amplitude of vibration. Quantities in parentheses are estimated 2u uncertainties; those for rg are estimated to be the same as for ra. Amplitudes in curly brackets were refined as a group. The term numbening corresponds to that in Fig. 3 At about 300?C substantial scattering was seen, but it disappeared after a short interval. It is not known whether the scattering was from firmly adsorbed solvent that was not removed at 200?C, or whether it was from C60; if the latter, its disappearance could be accounted for by a reduction of surface area (and consequently a much reduced rate of evaporation) caused by formation of larger crystallites (10). At about 700?C sufficient sample was being evaporated to give excellent diffraction patterns with 4-to 6-min exposures (11). Diffraction patterns were recorded at nozzle-to-plate distances of 700 and 300 mm to obtain lowerand higher-angle scattering. About 300 mg of sample was required for the production of two plates at the longer and three at the shorter camera distance. Reduction of the data and their treatment by our usual procedures (12) led to the experimental intensity curves of Fig. 1 different pairs of atoms comprise 23 different distance types (which may be identified by reference to the numbering scheme shown in Fig. 3 and to the list in Table 1 ). The structure was refined by least-squares fitting of a theoretical intensity curve to those observed (13); the parameters adjusted were the two structure-defining radii and 18 vibrational amplitudes (including three groups indicated by the bracketed quantities of Table 1 ). To be able to refine such a large number of amplitudes is unusual; it owes to the high number ratio of interatomic distance to structure-specifying parameters. The type of distance consistent with the electron-scattering equations is ra. Owing to the effects of vibration, neither ra nor the physically more meaningful thermal average distance rg (14) is consistent with equilibrium molecular symmetry. Imposition of symmetry on an ra distance set will thus lead to compromises in the fit. The distance values obtained for stiff molecules under these circumstances usually do not differ more than a few thousands of an angstrom from those that would be obtained without symmetry restriction. For C60, imposition of icosahedral symmetry on the ra distances seems to have been an excellent assumption, judged by the nearly level character of the difference (residual) curves (Figs. 1 and 2) .
The thermal average (rg) bond lengths are expected to be about 0.003 to 0.005 A longer than the equilibrium values, but their difference should be nearly the same as the re (equilibrium) difference. The thermal average bond length should also be longer than the distances in the crystal when the latter are not corrected for thermal motion, both because of the temperature difference between the two experiments, and because dis- The measured root-mean-square amplitudes of vibration (1) reveal C60 to be a very stiff molecule relative to usual standards. For example, the longest distances in the molecule, that is, those between atoms on opposite sides of the sphere, have associated amplitudes only slightly greater than are found for some of the distances in much smaller molecules at room temperature. As expected, the bond amplitudes are somewhat larger than would be expected for this type of structure at room temperature, but whether the increase is consistent with the temperature of our experiment cannot be judged without appropriate normal-coordinate analysis.
